Abstract Artificial recharge of groundwater offers a semi-natural means to produce raw water for drinkingwater plants. Surface water works are increasingly being replaced by artificial groundwater works in Finland. Two municipalities, one serving 30,000 and the other 170,000 inhabitants, have considered filtering river water through eskers for the production of potable water. In this study the removal of bacteriophages during infiltration of river water was estimated, for the evaluation of treatment adequacy in a field study. A 5-m-deep column of sand was constructed and used to mimic the percolating phase in infiltration. An artificial esker was constructed on the riverbank by isolating a 2-m-wide, 2-m-deep and 18-m-long bed of coarse sand with plastic. The sand bed represented the saturated zone. River water was pumped at a rate of 40 L/h to the sand column. The river water was spiked with F+ specific RNA phage MS2 by adding phage suspension during one week at an average concentration of 4.3 × 10 9 PFU/mL. Samples for phage assays were taken during one month, from four sampling sites, on the basis of detention time as estimated by a tracer experiment with sodium chloride. The median count of MS2 for percolated water was 2.4 × 10 5 PFU/mL, representing a 96.7% reduction. During the passage of 6 m in the saturated zone, a further reduction of 98.5% occurred. During the passage from 6 m to 12 m the additional reduction was 99.97%. The overall reduction was between 6 and 7 log 10 units. The removal of MS2 phages was rather efficient, although the esker material was coarse, mainly sandy, gravel.
Introduction
Artificial recharge of groundwater offers a semi-natural means to produce raw water for drinking-water plants. In Finland the eskers formed during the Ice Age are suitable for recharge because they often consist of deep layers of sand. Surface water works are increasingly being replaced by artificial groundwater works. Two municipalities, one serving 30,000 and the other 170,000 inhabitants, have considered filtering river water through the eskers Virttaankangas and Järilä in south-western Finland, for the production of potable water.
In this study, the removal of bacteriophages during infiltration of river water was estimated for the evaluation of treatment adequacy. The presence of pathogens in varying numbers is probable in the raw water source (River Kokemäenjoki) because it receives treated domestic wastewater and runoff, although the hygienic quality of this river had improved (median density of E. coli 24/100 mL during the study).
Materials and methods

Field experiment
A constructed 5-m-deep column of sand (grain size 0.9-1.2 mm) was used to mimic the percolating phase in infiltration (Figure 1 ). An artificial esker was constructed on the river bank by isolating a 2-m-wide, 2-m-deep and 18-m-long bed of coarse sand from Virttaankangas with plastic. This bed was covered with 1 m of surface soil in order to equilibrate the temperature and light conditions. The sand bed represented the saturated zone. Tubes were built to enable sampling after the percolation phase, and after 6 m, 12 m and 18 m of passage in the saturated zone. Before each sampling, sampling tubes were flushed by suction for 15-20 min. Water from the River Kokemäenjoki was pumped to the top of the sand column for one month before the phage experiment. The river water was spiked with MS2 phage by adding phage suspension during one week at an average concentration of 4.3 × 10 9 PFU/mL. The phage suspension was kept at 4-6°C in the dark.
Enumeration and production of MS2 phages
The standard method (ISO-10705-1, 1995) was used for enumeration of MS2 (Anon., 1995) . An internal reference suspension of MS2 was plated simultaneously with water samples and the variation of the efficiency of plating was corrected by using a correction coefficient calculated for each plating period. The production of high particle density phage suspension was carried out according to the standard method (ISO-10705-1, 1995) using E. coli K-12 Hrf (NCTC 12486) as the host bacterium. The background level of phages in the water of the Kokemäenjoki river was monitored 13 times from two sites using a modification of the method of Grabow et al. (1998) . A sample of 500 mL was enumerated in aliquots of 8 × 50 mL and 10 × 10 mL of river water using the standard medium (ISO-10705-1, 1995) and the most probable number was calculated.
Results and discussion
The detention time in each phase was estimated by using sodium chloride solution before the phage experiment. The intended water flow was 40 L/h which, in the tracer experiment, yielded a detention time of about 2 h in the percolation phase and in the saturated phase 5 d after 6 m, 12 d after 12 m and 19 d after 18 m. MS2 phage suspension was inoculated to the river water at a constant rate for seven days. The median value for MS2 concentration in the inoculated water was 7.2 × 10 6 PFU/mL. Spiked water was pumped to the top of the sand column. The river water temperature was around 20°C and the mean pH was 6.9.
Samples representing spiked water were selected on the basis of detention time, as estimated by the tracer experiment with sodium chloride. The median count for percolated water was 2.4 × 10 5 PFU/mL, representing a 96.7% reduction (Table 1) . During the passage
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156 Figure 1 The unsaturated sand column (height 5 m) used to mimic the percolating phase (left) and observation tubes for sampling of water from the artificial esker constructed at the riverbed for the field experiment (right) of 6 m in the saturated zone, a further reduction of 98.5% occurred. During the passage from 6 m to 12 m, the additional reduction was 99.97%. After 18m passage, one plaque was observed once in both of the duplicate samples during daily sampling over a one-week period. The overall reduction was between 6 and 7 log 10 units (Figure 2) . The background level of phages in the river water was insignificant compared to the spiking level, from <1/100 mL to 76/100 mL.
The removal of MS2 phages was rather efficient although the esker material was coarse, mainly sandy, gravel. However, temporal changes in physical and chemical conditions (temperature, pH, redox conditions, cations, organic matter, clogging, ionic exchange) may affect adsorption and inactivation of bacteriophages. Remobilisation of attached virus may also be possible, due to rain (Quanrud et al., 2003) . The inactivation of MS2 was monitored in the inoculated raw water at 9°C in the laboratory, and no inactivation was observed during the two-week duration of the spiking. After three weeks the MS2 concentration decreased by 64%, with simultaneous bacterial growth causing turbidity. The water temperature in the esker varied between 10.8°C and 12.8°C, and the pH was 7.2. Peters et al. (1998) and Schijven (2001) used the same F-specific RNA phage in their field experiments as was used in the present study. This phage has been regarded as a suitable model for some human pathogenic viruses (Hayward, 1999; Leclerc et al., 2000) . The removal of 6 log 10 units during dune recharge in 10 d was remarkably close to our result.
In a recent study (Meschke and Sobsey, 2003 ) the reduction of norovirus (Norwalk virus), poliovirus type 1, MS2 and Escherichia coli was compared in columns filled with different soil textures. They concluded that the reduction of MS2 was similar or less than that of norovirus. Elution of the MS2 particles from the soil columns was similar or greater than elution of norovirus particles. Figure 2 Phage MS2 concentrations in the spiked river water, after the percolation phase and after 6 m,
Noroviruses are of concern as aetiological agents in water epidemics in Finland. The detention times of three months planned for the municipal artificial recharge plants seem to be sufficient for the removal of viruses, according to our results, and are also supported by the results of Meschke and Sobsey (2003) for the relative removal of MS2 and norovirus particles.
